Recent studies have shown more than one time scale of change in the movement dynamics of practice. Here, we decompose the drift and diffusion dynamics in adaptation to performing discrete aiming movements with different space-time constraints. Participants performed aiming movements on a graphics drawing board to a point target at 5 different space-time weightings on the task outcome. The drift was stronger the shorter the time constraint whereas noise was U-shaped across the space-time conditions. The drift and diffusion of adaptation in discrete aiming movements varied as a function of the space-time constraints on performance outcome and the spatial, temporal, or space-time measure of performance outcome. The findings support the postulation that the time scale of movement adaptation is task dependent.
Over the initial performance trials of a movement task there is typically an improvement of the performance outcome in relation to the task criterion. The general trend in performance change has been the focus of the study of learning (Newell & Rosenbloom, 1981; Newell, Mayer-Kress, & Liu, 2006) . There are, however, many processes that contribute to the performance change over time (cf. Adams, 1961; Schmidt & Lee, 2005; Smith, Ghazizadeh, & Shadmehr, 2006) . The performance dynamics can be decomposed into a number of adaptive and typically shorter time scale processes (warm-up, task familiarization, learning to learn, fatigue, etc.), and the longer time scale of the persistent effects of learning that are investigated over days of practice sessions (Newell, Mayer-Kress, Hong, & Liu, 2009) . In this view the analysis of the change in performance outcome from a single practice session, as in many movement-scaling studies, reflects adaptation. Here, we investigate movement adaptation through a drift and diffusion analysis of discrete movement outcome as a function of space-time constraints.
The scaling of movement coordination patterns in terms of time, space or force criteria has been the most predominant task for study in motor control including the analysis of performance in movement speed and accuracy (e.g., Elliott, Helsen, & Chua, 2001; Fitts, 1954; Schmidt, Zelaznik, Hawkins, Frank, & Quinn, 1979; Woodworth, 1899) . However, the change in performance on the initial trials of a practice session are rarely studied from the perspective of adaptation as these trials are often eliminated from analysis on the grounds that they are not of relevance to the control problem. The averaging of early practice trial data, another common performance analysis strategy, also masks the role of adaptive processes to the initial changes in performance outcome (Liu, Mayer-Kress & Newell, 2003) . The emphasis in the investigation of movement speed and accuracy has been, in effect, on the variability of an assumed state of stability to different movement speed and accuracy demands (Elliott et al., 2010; Fitts, 1954; Woodworth, 1899) . Liu, Mayer-Kress and Newell (1999) introduced a piecewise linear stochastic map model of the sequential trial strategy in discrete timing tasks. The basic model is a difference equation for the sequential trial dynamics with three parameters, slope, threshold, and noise amplitude. The slope and noise parameters are consistent with the drift and diffusion terms of fundamental stochastic processes (Gardiner, 1985) . The stochastic map model approach also holds parallels to statistical time series autoregressive (AR1) models (Gottman, 1981) .
The stability of the deterministic dynamics, shown by the slope of the linear map, can be examined from the distribution of the system. To illustrate, Figure  1 shows two distributions of 5000 iterations from an arbitrary linear stochastic difference equation with two different slopes. The difference equation has the following form:
α is the slope, and ξ is the stochastic term. For the purpose of comparison, we used α = 0.9, 0.3 as the values for the two slopes, respectively, and ξ has a normal distribution with the mean of 0 and standard deviation of 0.07 for both conditions. The larger slope produced a broader, low peak distribution whereas the smaller slope produced a distribution of a more concentrated tall peak shape. Thus, although the stochastic component of the 2 systems was similar, the top panel of Figure 1 shows that the overall performance variability was strongly influenced by the drift term.
The bottom segments of Figure 1 show the two next-step plots of 300 simulation data points with α = 0.9 (left), 0.3 (right) and the same distribution parameters used above. The linear regression analyses on the next-step plots show the slopes to be 0.877 and 0.321 and the standard deviations of the residuals to be 0.073 and 0.068.
The Liu et al. (1999) map model provides a way to distinguish the contribution of drift and noise in adaptation of the performance dynamics; thus, it provides an analysis strategy to decompose the deterministic and stochastic process of adaptation in the initial trials of performance practice. It also provides a more valid estimate of the noise component of the motor output than is provided by merely taking the overall amount of outcome variability as is typically indexed by a standard deviation. Drift and diffusion models have been used in the analysis of the adaptive dynamics of center of pressure profiles as a function of developmental age (Newell, Slobounov, Slobounova & Molenaar, 1997) . In this study, it was shown that the age-related effects in the standard deviation of the center of pressure were not due to differences in noise, as has been traditionally hypothesized (Kail, 1997; Welford, 1981) , but rather the persistent trend over the trial duration of standing as reflected by the drift term (see also Newell, Mayer-Kress, & Liu, 2009 ). Hsieh, Liu, Mayer-Kress, and Newell (2013) introduced a space-time weighting analysis system that affords the potential to experimentally change the relative contribution of spatial and temporal error to the determination of movement outcome. This experimental strategy provides a way to systematically change the weighting of spatial and temporal constraints in the study of motor control and, in effect, constrain the movement outcome to particular regions of the speed-accuracy relation. Here, we use this weighting strategy to study the adaptation in performing discrete aiming movements under different space-time constraints.
Through an analysis of the distributions of movement outcome under a range of speed-accuracy conditions Hancock and Newell (1985) proposed that it was at approximately 50% of the maximal velocity condition for a given amplitude that the spatial error and temporal error distributions approximated a normal distribution, and hence would be considered as most stable. The distributional properties correspond to the stability of the stochastic dynamics. Here we test this hypothesis through the application of the Liu et al. (1999) map model to the performance dynamics of a range of movement space-time conditions. It would follow that the diffusion or the stochastic term of the map model would be lowest (most stable) in the condition where there was an equal weighting to space and time in determining the space-time collective performance score and that the stability would weaken as the performance criterion shifted progressively either in space or time away from the equal weighting space-time condition. On the other hand, the drift term or the slope of the map (next-step plot) that shows the stability level of the deterministic dynamic may be dependent on the space-time condition and the specific variable used for performance measure.
Methods

Participants
Twelve right-handed young adults volunteered for the experiment. The mean age of the participants was 25.17 (range ± 2.23) years. The experimental procedures followed the departmental research advisory committee of the National Taiwan Normal University and all the participants read and signed the participation consent form before the experiment.
Apparatus
A line drawing system that included a Wacom Intuos3 graphic tablet, a PC computer, and a customized computer program was used for data collection. The sample frequency was 100 Hz. The computer program was used to adjust the space-time feedback weightings and calculate the performance score for the participant immediately after each trial.
Task
The task was to draw a 20-cm line on the graphic tablet with a pen from left to right. The middle of the 20-cm line was approximately on the midline of the participant's body. Each participant completed five conditions of 320 trials of the line drawing tasks. These five conditions were fast, fast-middle, middle, middle-accurate and accurate conditions. It took approximately 1 hr to complete one condition on each day. The order of the five conditions over the 5 consecutive days of testing was randomly determined for each participant.
Procedures
The start location (2-mm circle) and target point (1-mm circle) were shown on the computer screen before the start of a trial indicating the starting and target positions. The participants were instructed to look at the screen as they used the pen to move the cursor from the left starting point to the right target point. There was no trace of the line shown on the screen when performing the task; although, the pen point, which was shown as the cursor on the screen, was always visible during the trials. A performance score, which was a weighted combination of the contribution of space and time to the criterion, was presented on the screen after the completion of each trial. Participants were instructed that their goal was to minimize this performance score. The spatial error was analyzed as the radial error from the target.
The participant used the pen to touch the graphic tablet. The pen point on the tablet showed up on the screen as a cursor. The participant then moved the cursor onto the left starting point on the screen. When the pen touched the tablet on the left point there was a beep sound to indicate to the participant to move. The start of the movement was defined by the pen point crossing the velocity threshold of 0.2 mm/s. The pen was to remain in contact with the tablet during the movement until the trial was completed. The trial was finished when the cursor arrived at the right point or the pen came to a stop after passing the half way of the line. The end of the movement was defined by the pen leaving the tablet surface or not moving (0 velocity) for two data points (20 ms). These task criteria did not allow participants to include a movement reversal (moving back to target) in the movement outcome as is typically the case in these protocols.
Participants received the weighted space-time feedback score on the screen within 2 s of completing the trial and then moved the pen back to the left point to start the next trial. All the participants practiced 120 trials for Session 1 of a spacetime condition and then 100 trials for Sessions 2 and 3 of each condition. A 3-to 5-min break was provided after every session.
Derivation of the Weighted Spatial and Temporal Task Criterion. The performance score was constructed with the following equation that included both movement time and spatial accuracy elements:
Performance Score = (P 1 * MT + P e * E)/N
where MT is the time between the start and stop of each movement trial; E is the Euclidean distance between the target point and the end point of each trial, P t is the weighting parameter for MT that has an unit that is the inverse of the MT unit, P e is the weighting parameter for E that has an unit that is the inverse of the E unit, and N is a normalization term. Different combinations of P t and P e provide different emphases on speed (movement time) and accuracy (spatial error) of the task.
In a pilot study of the line drawing task, with a variety of task emphases on speed and accuracy, we were able to observe the standard hyperbolic function of space-time performance under different speed-accuracy conditions. This function formed the basis for the conditions of this experiment in which we used five slopes of the tangent lines that were close to the fast (1,000 s -1 : 1 mm -1 ), fast middle (50 s -1 : 1 mm -1 ), middle accurate (1 s -1 : 50 mm -1 ), accurate (1 s -1 : 1,000 mm -1 ) and one in the middle (1 s -1 : 1 mm -1 ) as the five sets of weighted parameters. At the middle condition the contributions of speed and accuracy to the movement task are the closest to each other under the current experimental setup.
The different sets of weighted factors scaled the performance scores to a different magnitude; therefore, a normalization procedure was used on the performance score for each condition. The norm (N) was calculated with the following equation: N = P * C t + P t * C e (2) P t and P e were the same weight factors according to the condition, and C t and C e were the criterion movement time and the criterion spatial error. Based on the pilot study, we assigned the criterion movement time: fast (0.3 s), fast-middle (0.45 s), middle (0.6 s), middle-accurate (1.5 s), accurate (2 s) and the criterion spatial error: fast (5 mm), fast-middle (2 mm), middle (0.6 mm), middle-accurate (0.2 mm), and accurate (0.06 mm).
Data Analysis
The performance score, movement time, and spatial accuracy were recorded for each trial. The three segments of practice trials, the first 120 trials, the middle 100 trials, and the last 100 trials, were used to examine the adaptive effect of the performances. The slope of the linear regression on the next-step-plot of the three variables was used as the drift term and the standard deviation of the residuals from the linear regression was used as the diffusion term within each condition. Repeated-measures ANOVAs were used to examine the effect of the space-time task movement conditions on each dependent variable. The Greenhouse-Geisser method was used where necessary to adjust the DFs with the ANOVAs. Figure 2 shows the time series of the averaged performances of the 12 participants for the five weighting conditions. The figure illustrates the decreasing (improving) tendency of the performance scores over 320 practice trials for all five conditions where the accurate condition had the overall highest (poorest) performance scores followed by the fast condition.
Results
Time Series Analyses
The top panel of Figure 3 shows the movement time data, only the fast and mid fast conditions maintained a decreasing trend over the 320 trials; the other three conditions did not show any consistent trend. In Figure 3 , the bottom panel of the spatial error results, only the fast condition showed a clear increasing trend over the 320 trials.
Examining the individual time series of the performance measures we observed several performance curves with "strategic" jumps, in addition to the continuous increase/decrease trend in performance dynamics that are usually observed in adaptation through movement practice. Figure 4 demonstrates examples of these performance dynamics. Only about 5% of the individual performance time series showed the characteristics of a jump or transition. These jumps formed a small subset of different data distributions within a testing session of a few individual participants. Accordingly, the drift and diffusion analyses were performed without this small set of data distributions when the "jump" phenomenon was observed.
Drift and Diffusion Analyses
Slope of the Performance Score. Figure 5 shows the result of the drift analysis for the performance score. The trial segment effect was significant, F(2, 22) = 16.69, p < .05, η p 2 = .6, where the slope of the first segment was larger than the other two segments, but there was no significant difference between the second and the third segments. The speed-accuracy condition effect also reached a significant level, F(1.99, 21.97) = 10.17, p < .05, η p 2 = .48. The post hoc paired comparisons showed that the slopes of the mid fast, mid accuracy, and the accuracy conditions were significantly smaller than the fast condition, and the slope of the accuracy condition was smaller than that of the mid condition. In addition, the segment by condition interaction also reached the significant level, F(4.64, 51.07) = 2.568, p < .05, η p 2 = .19. The post hoc simple main effect analyses showed that the slope of the 1st segment was significantly larger than the other two segments but only for the fast and the mid fast conditions, ps < .05. The segment effect was not observed for the other three conditions. Moreover, the significant differences between the fast and the mid accuracy conditions, and between the fast and accuracy conditions were only observed for the 1st trial segment.
SD of the Detrended Performance Score. The trial segment effect was significant, F(1.20, 13.15) = 21.88, p < .05, η p 2 =.67. Post hoc paired comparison showed that the first segment had significantly larger standard deviation than the second and the third segments, and the second segment was also larger than the third segment. The standard deviation of the detrended performance scores from the fast to the accuracy conditions revealed a skewed U shape as is demonstrated in Figure 5 . The significant condition effect from the ANOVA test and the post hoc paired comparisons further supported the U-shape relation, F(2.09, 22.97) = 83.41, p < .05, η p 2 = .88. The post hoc paired comparisons showed that the fast condition was larger than the mid fast and the mid conditions (ps < .05), the mid accuracy and accuracy conditions were also larger than the mid fast and the mid conditions (ps < .05). Moreover, the accuracy condition was significantly larger than the mid accuracy and the fast conditions (ps < .05). The interaction between the trial segment and the condition did not reach a significant level, F(2.97, 32.67) = 2.48, p = .08, η p 2 = .18. To further test the U-shape function of the detrended standard deviation for the five different weighting conditions, we fitted the detrended SD from the last 100 trials of the individual participant with a quadratic function: y = a + bx + cx 2 where y is the detrended SD and x is the logarithm of the weighting ratio between (Table 1 ). Figure 6 shows an example of the quadratic function fit of the detrended standard deviation over different weighting conditions for a single participant. Figure 7 shows the results of the drift and diffusion analyses for movement time. The trial segment effect was significant, F(2, 22) = 14.93, p < .05, η p 2 = .58. The post hoc comparisons showed that the slope of the first segment was larger than the 2nd and the 3rd segments (ps < .05). The condition effect was also significant, F(4, 44) = 7.03, p < .05, η p 2 = .39. Post hoc comparisons showed that the slope of the accuracy condition was larger than that of the mid fast and the mid conditions (ps < .05). No significant interaction effect was observed.
Slope of the Movement Time.
SD of the Detrended Movement Time. The trial segment effect on the standard deviation of the detrended movement time did not reach the significant level, F(2.29, 13.11) = 3.36, p = .084, η p 2 = .23. The condition effect was significant, did not show any significant differences. The interaction effect was not significant, F(8, 88) = .643, p = .74, η p 2 = .06 SD of the Detrended Spatial Error. The trial segment effect was not significant, F(1.36, 14.98) = .99, p = .36, η p 2 = .08, but the condition effect was significant, F(1.26, 13.86) = 13.15, p < .05, h p 2 = .55. Figure 8 shows a decreasing trend from the fast to the accuracy condition. The post hoc Bonferroni test further confirmed that the fast condition was larger than the mid accuracy and the accuracy conditions, the mid fast condition was larger than the mid, mid accuracy, and the accuracy conditions, and the mid condition was larger than the accuracy condition.
The interaction between the trial segment and the task condition was significant, F(2.34, 25.74) = 4.94, p < .05, η p 2 = .31. The post hoc analyses showed the trial segment effect for the mid, mid accuracy, and the accuracy condition where the first segment had a larger detrended SD than the 3rd segment, and the 1st segment of the accuracy condition also showed a significantly larger detrended SD than the 2nd segment. For the simple main effect of condition, there were significant differences between the mid fast condition and the mid accuracy, accuracy conditions for the first segment, whereas for the 2nd and the 3rd trial segments, the fast and the mid fast conditions both had larger detrended standard deviation than the mid, mid accuracy, and the accuracy condition. The mid condition also showed larger detrended standard deviation than the accuracy condition.
Discussion
The experiment was set up to investigate the short-term adaptation to different space-time constraints in performing discrete aiming movements. Discrete aiming tasks have formed the foundation for the study of movement speed and accuracy (Elliott et al., 2010; Fitts, 1954; Schmidt et al., 1979; Woodworth, 1899 ). Yet, typically in movement speed-accuracy experiments the initial trials are eliminated from analysis or assumed to show no adaptation under the notion that the discrete aiming task is simple so that the initial trials of performance reflect the stable state of the system. The decomposition of the movement outcome trial dynamics through drift and diffusion revealed both deterministic and stochastic features of short-term movement adaptation (Gardiner, 1985) and provides a way to assess adaptation to the movement space-time demands.
The findings clearly showed that both drift and diffusion in adaptation over the initial performance trials were influenced by the space-time constraints of the task. These effects were further mediated by whether one measures the movement outcome in terms of a spatial, temporal or an integrated space-time criterion. The drift term was stronger in the shorter time demand task conditions but the drift rate was reduced over successive segments of practice trials. This shows that deterministic stability is enhanced within even the initial trials of practice in aiming tasks and that the relative primacy of the spatial accuracy constraint most strongly mediates this effect.
The influence of the space-time conditions on the adaptation rate also points up that the assumption of a constant number of initial practice trials uniformly eliminating adaptation effects across different space-time task conditions does not hold. The inference is that the standard experimental designs of the movement speed-accuracy relation (Fitts, 1954; Schmidt et al. 1979; Woodworth, 1899) are confounded by the differential degree of drift as a function of the space-time constraints. This central finding is consistent with the general notion that the task constraints, in addition to those of the organism and environment, coalesce to channel the movement dynamics (Newell, 1986) .
The function for noise over the space-time conditions, from the shortest time to the most spatially accurate emphasis, also differed in the different movement outcomes measured. Namely, there was a U-shaped function for the integrated space-time performance score, while there was an increasing trend for movement time and a decreasing trend for spatial error. This pattern of findings on the noise term essentially parallels those from the more typical analysis of the standard deviation of the movement outcome (Hsieh et al., 2013) .
The change in movement time over trials revealed the adaptation of a deterministic function. The first trial segment showed a larger drift (slope of the linear map) than the other segments for movement time and the reduction of the drift was more prominent for the time emphasis conditions. In the time emphasis conditions, a shorter movement time was the main task goal, therefore, reducing the movement time over the first segment of trials contributed to the significant drift behavior. In contrast, for the spatial accuracy emphasis conditions, the drift of movement time was the result of the improvement of spatial accuracy, that is, it emerged as a consequence of increasing the movement time.
The interaction between the trial segment and the space-time condition on the performance score for drift also supports the deterministic adaptation in movement time. The performance score was composed of movement time and spatial error with different weights for different space-time conditions. The larger slopes of the first trial segment than the other segments were only significant for the time-emphasis conditions of the fast and mid fast conditions. The space-time condition effect was also only significant for the first trial segment where the largest slope was observed in the fast condition and the smallest slope was found in the accuracy condition.
The larger drift observed for the movement time outcome at the first trial segment leads to the interpretation that the movement time of the aiming task is an unstable and, therefore, more flexible component of the task that is readily influenced by the task goal at the beginning of the practice session. The spatial accuracy/error component of the aiming task, however, did not show any change of drift for different trial segments. In contrast, the change in spatial accuracy showed stochastic adaptation. The interaction effect of the trial segment and the space-time condition for the detrended standard deviation of the spatial error showed that standard deviation was reduced significantly over the trial segments for the mid, mid accuracy, and accuracy conditions. Spatial accuracy was not the main emphasis of the fast and mid fast conditions and, therefore, there was not any significant reduction of the standard deviation in the spatial error outcome for these two conditions.
A unique feature of this task was that the performance score was composed of both movement time and spatial error with different weights of emphasis for different space-time condition. The single measure of either movement time or spatial error did not capture the overall performance of the task. For example, the trial segment effect was significant for the standard deviation of the performance score for all conditions when only the accuracy emphasis conditions showed significant reduction of standard deviation over trial segments for the spatial error outcome.
The performance score measures the combination of MT and spatial error that contributed to the outcome of the tasks with different weights. The reduction of standard deviation over trial segments for the performance score indicates degeneracy from the space-time coordination in meeting the specific space-time demand of the task goal. Thus, there was a trade-off of space and time in the performance outcome that was most apparent in the short movement time conditions that arose from the degeneracy of the task constraints.
The contributions of movement time and spatial accuracy to the performance score had an additive influence to the overall performance that was reflected in the standard deviation of the performance score over different space-time condition. Though the standard deviation of the movement time and spatial error each showed an increasing/decreasing trend over the space-time conditions, the standard deviation of the performance score showed a U-shape function over the five conditions. These patterns of performance outcome as a function of outcome dimension provide support to the proposition of the space-time account of the movement speed-accuracy relation (Hancock & Newell, 1985) .
The analysis showed that the adaptation to the aiming task was dominated by dynamics that can be described on an attractor dynamic landscape with different slopes and degrees of noise. In short, the adaptation can be generally modeled with a single time scale of adaptation. However, the 5% of the trial sequences that showed a sudden jump or transition in performance reveals that there was an additional change process occurring for some participants particularly in certain space-time conditions. The nature of this change process cannot be determined from this experiment but the abstract nature of the space-time criteria of the performance score may have led some participants to focus on a particular frame of reference for solving the task that eventually they changed. This example of additional time scales to early change of performance warrants further investigation. King, Ranganathan, and Newell (2012) have shown that there are individual differences in learning a redundant space-time drawing task with some participants focusing on the spatial dimension and others focusing on the temporal dimension.
Finally, it should be noted that the experimental conditions used here covered a broad range of time constraints (300-2,000 ms) and emergent velocity conditions to the same spatial accuracy task (that is same distance-target condition). Nevertheless, further investigations of the effect of practice on drift and diffusion in aiming movements with a broader set of space-time conditions would be useful. This would also contribute to further tests of whether the speed-accuracy function is different for tasks that are very rapid (Schmidt et al., 1979) or whether there is a general function for speed and accuracy (Hancock & Newell, 1985) .
